The rolandic and sylvian fissures divide the human cerebral hemispheres and the adjacent areas participate in speech processing. The relationship of rolandic (sylvian) seizure disorders with speech and cognitive impairments is well known, albeit poorly understood. We have identified the Xq22 gene SRPX2 as being responsible for rolandic seizures (RSs) associated with oral and speech dyspraxia and mental retardation (MR). SRPX2 is a secreted sushi-repeat containing protein expressed in neurons of the human adult brain, including the rolandic area. The disease-causing mutation (N327S) resulted in gain-of-glycosylation of the secreted mutant protein. A second mutation (Y72S) was identified within the first sushi domain of SRPX2 in a male with RSs and bilateral perisylvian polymicrogyria and his female relatives with mild MR or unaffected carrier status. In cultured cells, both mutations were associated with altered patterns of intracellular processing, suggesting protein misfolding. In the murine brain, Srpx2 protein expression appeared in neurons at birth. The involvement of SRPX2 in these disorders suggests an important role for SRPX2 in the perisylvian region critical for language and cognitive development.
INTRODUCTION
Speech and language may co-occur with epilepsy but relationship is poorly understood. The speech centers in the human brain are associated with the two major cerebral fissures, the rolandic and sylvian sulci. Seizure disorders localized to this region may be associated with speech disorders (1, 2) . Acquired epileptic aphasia of the Landau-Kleffner syndrome (MIM 245570) (3) may represent the severe end of a clinical spectrum comprising the continuous spike-and-wave discharges during slow-sleep syndrome (CSWS) at one end and rolandic (sylvian) epilepsy (RE) at the benign end. RE, or benign focal epilepsy with centro-temporal spikes (BECTS; MIM 117100), represents 8 -23% of epilepsies in children ,16 years of age with a prevalence of more than one per 1000 and a male to female ratio of 3/2 (4). It is # The Author 2006. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org defined by brief and hemi-corporeal motor seizures, frequently associated with somato-sensory symptoms and occurring mainly during sleep. Most idiopathic REs do not follow a Mendelian mode of inheritance (5) and genetic influences have been recently questioned (6) .
Idiopathic rolandic seizures (RSs) occur during a period of significant brain maturation. During this time, dysfunction of neural network activities such as focal discharges may be associated with specific developmental disabilities. Subtle specific cognitive impairments of language, visuo-spatial abilities or attention, are observed in children with RS (1,7 -10 ). An autosomal dominant syndrome of RS with oral and speech dyspraxia (OSD; MIM 602081) and cognitive impairment has been reported (ADRESD; MIM 601085) (11) .
We investigated a French family ( Fig. 1 ) that had RS with OSD and a variable degree of mental retardation (MR), similar to ADRESD, although the disorder did not follow autosomal inheritance. After careful phenotyping and successful linkage to Xq, mutation screening led to the identification of the disease-causing gene, SRPX2. The mutation led to a gain-of-glycosylation of the protein. Another mutation in SRPX2 was then found in a male patient with epilepsy associated with a malformation of the perisylvian area and in his female relatives with cognitive impairment.
RESULTS
Clinical data on the French family with OSD, RS and MR ( Fig. 1) The proband (III.3) is a right-handed girl, born following a normal pregnancy. At 2 1/2 years of age, language was still lacking when diurnal and nocturnal RS started. At age 10, she was referred to the Department of Neurology in Strasbourg, where neurological examination showed oro-facial dyspraxia and severe speech delay (Supplementary Material, Video 1). Neuropsychological assessment showed severe oral and finger dyspraxia and impaired verbal comprehension associated with inattention. She was unable to perform any verbal or non-verbal subtest of WPPSI. At age 15, WISC-R provided a full-scale intelligence quotient (IQ) of 40, a verbal IQ (VIQ) of 46 and a performance IQ (PIQ) of 46 (Supplementary Material, Table S1 ). She had never learned written language. Follow-up awake electro-encephalogram (EEG) recordings showed multiple asynchronous interictal diphasic sharp waves predominant over the left fronto-temporal region (Supplementary Material, Fig. S1 ). Paroxysms increased during sleep and spread contralaterally. From age 10, she was treated with multiple anti-epileptic drugs. Cytogenetic analysis and fragile X DNA testing were normal. Although magnetic resonance imaging (MRI) showed normal, [ 18 F]fluorodeoxyglucose-positron emission tomography (FDG-PET) performed at age 10 showed bilateral perisylvian hypermetabolism maximal on the left side (Fig. 1) . The clinical data on all patients of the French family are summarized in Supplementary Material, Table S1 . None of the patients had any dysmorphic features. In addition to III.3, six relatives (II.2, II.6, II.8, III.1, III.4 and III.7) of the proband had focal seizures with the typical clinical features of RS. The electroencephalographic hallmark of RS (centro-temporal spikes that tend to occur in clusters and are strongly activated during sleep) was detected during the active phase of the epileptic seizures. Multiple epileptic foci were found in three patients (III.3, III.4 and III.7). Two (III.4 and III.7) also had multiple asynchronous interictal EEG abnormalities represented by diphasic sharp waves associated with focal slowing. All patients had OSD with variable impairment of oro-facial motility and of verbal and fine motor abilities (Supplementary Material, Table S1 ; Supplementary Material, Video 1). IQ was below the normal range in all patients except for II.6 who could not be evaluated. Significant discrepancy between VIQ and PIQ was found in two patients with RS (II.2 and III.1) and in one patient without RS (III.2). Among the three patients without RS, one (III.6) had more severe oro-facial and fine motor impairment. The three patients (III.3, III.4 and III.7) with multiple epileptic foci also had lower full-scale IQs without significant VIQ/PIQ discrepancy.
Linkage analysis and mutation screen
A whole genome screen was performed, using highly polymorphic markers regularly spaced across the genome with an average interval of 10 cM. Consistent with the absence of any male-to-male transmission of the phenotype, linkage to chromosome Xq was obtained with significant LOD (logarithm of the odds ratio for linkage) scores of 3.01 at a recombination fraction of 0 (Supplementary Material, Table S2 ). With respect to the ADRESD syndrome (11) , X-linkage thus demonstrated genetic heterogeneity of the syndrome of OSD with RS and MR.
The region containing the disease gene spanned 20 cM at Xq21 -q22, between markers ss16361056 and DXS1230. FISH analyses with BACs regularly spaced across this area did not detect any large-scale rearrangement (data not shown). A systematic mutation screen led to the detection of an A to G transition (980A.G) in exon 9 of the SRPX2 gene (Fig. 1) . 980A.G perfectly co-segregated with the phenotype in the family (Fig. 1) and was neither found in silico nor in 554 control X-chromosomes from unrelated males and females of Caucasian origin. In all the other known genes and coding transcripts analyzed, only polymorphisms or rare variations also detected in silico or in the control population were found (Supplementary Material, Table S3 ). The SRPX2 protein (465 aminoacids; GenBank NP_055282) contains a signal peptide and three consensus sushi-repeat motifs of approximately 60 aminoacids, each that are mostly found in proteins of the complement system and in various others including members of the selectin family (12) . It also displays a hyalin repeat (HYR) domain, which is related to the immunoglobulin (Ig)-like fold (13) . Previous experiments showed that SRPX2 was secreted (14) . The mutated aminoacid (N327S) is conserved among known or predicted SRPX2 proteins in Homo sapiens, Pan troglodytes, Mus musculus, Rattus norvegicus, Canis familiaris (all with MKINVN 327 VNSAA) and Xenopus laevis (MLINVN 327 VNSAG). RT -PCR experiments performed with RNAs extracted from fibroblasts of patient III.1 did not reveal any splicing abnormality (data not shown), but in silico search predicted a putative N-glycosylation consensus site (N-X-S/T) that was created by the mutation eight aminoacids downstream from the third sushi domain (Fig. 1) . Extra oligosaccharides usually modify the folding of secreted proteins and their interactions with other proteins, and several disease-causing mutations leading to the formation of N-glycosylation sites have been reported (15, 16) . Indeed, the importance of gain-of-glycosylation mutations in human diseases has very recently been re-emphasized (17) .
N327S leads to partial gain-of-N-glycosylation of the mutant SRPX2 protein
To confirm the utilization of this N-glycosylation site, an analysis by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS -PAGE) of wild-type and mutant N327S SRPX2 proteins synthesized by transfected CHO cells and immunoprecipitated with anti-SRPX2 antibodies was performed. Cells were pulse-labeled with [ 35 S]methionine and then chased at various intervals of time with an excess of unlabeled methionine. In both the intracellular and extracellular fractions, mutant N327S SRPX2-DsRed fusion proteins were detected with increased (79 kDa) molecular weight (MW) when compared with their wild-type counterpart (77 kDa, as expected) (Fig. 2) . Deglycosylation with PNGase F resulted in a reduction in MW of the 79 kDa mutant protein, which then co-migrated with the wild-type protein (Fig. 2) . These data confirmed that the observed migratory difference between these proteins was due to a difference in their N-glycosylation status. In the two fractions, the co-detection of mutant SRPX2 protein of the same MW (77 kDa) as the wild-type protein (Fig. 2) showed that a subset of the mutant SRPX2 protein was not modified by N-linked glycosylation. Partial uses of N-glycosylation sites have already been described in pathogenic conditions (18, 19) and the presence of V at the X position of the N-X-S sequon has actually been associated with partial N-glycosylation (20) .
N327S results in altered intracellular processing of SRPX2
Gains of N-glycosylation usually lead to misfolding of secreted proteins. Retention of the mutant SRPX2 fusion protein was indeed detected within the endoplasmic reticulum of a subset of transfected CHO cells (5 -10%), as shown by co-localization with calreticulin (Fig. 3) . In contrast, the wildtype fusion protein displayed in all transfected cells a much weaker and diffuse cytoplasmic fluorescent pattern. Similar data were obtained when cultured cortical neurons from murine embryos were transfected (Fig. 3) . In a subset of patient fibroblasts, retention of the native mutant SRPX2 protein within the endoplasmic reticulum was also detected by co-immunofluorescence staining with anti-SRPX2 and anti-calreticulin antibodies, whereas no such abnormal retention of wild-type SRPX2 was ever observed in the control fibroblasts ( Fig. 3) . Moreover, mutant SRPX2 and ubiquitin co-localized in patient fibroblasts but never in control fibroblasts ( Fig. 3 ), indicating that a fraction of the mutant protein is probably ubiquitinylated. Altogether, these data demonstrate altered intracellular processing and hence suggest misfolding of the mutant SRPX2 protein.
SRPX2 is mutated in a patient with bilateral perisylvian polymicrogyria
Bilateral perisylvian polymicrogyria (BPP; MIM 300388) is the most common form of polymicrogyria and X-linked inheritance occurs in some families (21) . BPP is characterized by an excess of small gyri and abnormal cortical lamination in the perisylvian area. Difficulties with speech, epilepsy, mild MR and perisylvian abnormalities on imaging studies are classically described in BPP and reflect the inter-relationship of RS and speech disorders and their co-localization to rolandic and perisylvian cortex (1, 2) . In order to test the possible involvement of SRPX2, a first series of 12 patients with BPP was screened. In particular, male patient T2472-1 had bilateral posterior perisylvian polymicrogyria, more severe on the left and extending back to involve the parieto-occipital regions (Fig. 4) . He presented at 12 years with focal seizures beginning with numbness of the fingers of the right hand and leg and a sudden fall. Other attacks began with twitching of the right side of his mouth, drooling and loss of awareness. Pregnancy and perinatal history were unremarkable. He walked at 19 months and was a clumsy child. He was left-handed. Neurological examination revealed clonus at both knees and generalized hyperreflexia with an equivocal right plantar response. Neuropsychological evaluation at 15 years showed low average to average intellect (full-scale IQ 86, VIQ 84 and PIQ 92) with weakness in mathematical ability. His EEG showed left centro-temporal epileptiform activity with a rolandic horizontal dipole. Karyotype was normal. He responded initially to carbamazepine but later required polytherapy. Two of his maternal aunts, T2472-4 and T2472-5, had mild MR and his mother (T2472-2) and another aunt (T2472-7) were of normal (Fig. 3A and B) and with pSRPX2wt-DsRed (top, wt) or pSRPX2mut72-DsRed (bottom, Y72S) constructs. The endoplasmic reticulum was immunostained using anti-calreticulin antibodies.
intellect. MRI brain scans on all four women and the proband's brother did not show a cortical malformation (data not shown).
A mutation (215A.C) was detected in exon 4 of the SRPX2 gene in patient T2472-1 (Fig. 4) . 215A.C gave rise to a missense mutation (Y72S) and was neither found in silico nor in 624 control X-chromosomes from unrelated males and females of same (Caucasian) origin. 215A.C was also found in the unaffected mother and one unaffected aunt of T2472-1 as well as in the two maternal aunts with mild MR and no MRI abnormality (Fig. 4) . As for N327S, the mutated aminoacid (Y72S) was conserved in H. sapiens, P. troglodytes, M. musculus, R. norvegicus, C. familiaris and X. laevis. Y72S occurs within the first sushi domain of SRPX2 in the immediate vicinity of a cysteine residue (C71) that is predicted to participate in the disulfide bond of the sushi domain. Missense mutations situated nearby cysteine residues involved in disulfide bridging may have a dramatic impact on protein folding (22, 23) and disulfide bridging is a crucial determinant in the structure of sushi domains (12) . Indeed, the orientation in space of a sushi module is likely to be critical for function of sushi-containing proteins (24) . As in the case of N327S, partial retention of the Y72S mutant SRPX2 fusion protein in CHO cells and in cortical neurons, but not of the wild-type protein, suggested misfolding (Fig. 4) .
Expression of SRPX2 transcripts and protein in the human and murine brain
We next analyzed the expression pattern of SRPX2 in human and mouse tissues. Expression of SRPX2 was detected in silico (Unigene Hs.306339) and by RT -PCR experiments in most human tissues tested including the fetal and adult brain (Fig. 5A) . In situ hybridization experiments performed on human autopsy samples corresponding to the rolandic area showed that SRPX2 was apparently expressed in neurons only (Fig. 5B) . Immunohistochemistry experiments confirmed that the human SRPX2 protein was expressed in neuron perikarya of the rolandic area (Fig. 5B) . In mouse, RT -PCR as well as in situ hybridization and immunohistochemistry experiments detected Srpx2 mRNA and protein in several areas of the adult brain (Fig. 5) . In mouse embryos, Srpx2 expression was detected in silico (Unigene Mm.263553) and by RT -PCR at various stages (E12.5 -14.5 -16.5 -18.5), in the brain particularly (Fig. 5A) . Immunohistochemistry experiments demonstrated expression of the Srpx2 protein in neurons of the murine brain at birth (P0) (Fig. 5D ) but not at any previous embryonic stage tested (data not shown). RSs occur during a period strongly correlated with brain maturation and speech processing may partly depend on specific stages of perinatal and postnatal maturation of the cerebral cortex, when brain growth, circuit organization and many other crucial modifications occur in primates (25) .
DISCUSSION
We show here that the Xq22 SRPX2 gene is mutated in a French family presenting with RS, OSD and a variable degree of MR. The N327S mutation led to gain-of-glycosylation of the mutant SRPX2 protein. Our data thus confirm the importance and the pathogenic role of such types of mutations in human disease (17) . Gains of oligosaccharides are usually associated with modifications in the folding of secreted proteins and in their interactions with other proteins. As shown by the specific observation of altered patterns of SRPX2 processing inside a subset of cells, the N-glycosylation of mutant SRPX2 is also likely to be associated with conformational changes, which in turn would modify the specific interactions and functioning of the secreted mutant SRPX2 protein outside the cells. In the French family studied here, the phenotypes in males and females displayed quite similar levels of severity despite X-linkage. This unusual feature is likely to rely on the partial use of the mutant N-glycosylation site, leading to the secretion of both N-glycosylated and non-N-glycosylated SRPX2 proteins, not only in females but also in males. The possibility of SRPX2 dimerization must be considered, as already shown for other sushi-containing proteins (26, 27) . This would fit well with a dominant-negative effect. Haploinsufficiency of SRPX2 is an alternative hypothesis, with subtle dosage effects between wild-type SRPX2, non-N-glycosylated mutant SRPX2 and N-glycosylated mutant SRPX2 proteins. Moreover, inter-individual variations in the efficacy and rates of N-glycosylation cannot be excluded. Alternatively, gain-of-glycosylation leading to gain-of-function has also been described (15) ; the secreted mutant SRPX2 protein may then exert its effects on more than the classical 50% of SRPX2-producing cells in females. Last but not least, severe skewed X-inactivation patterns were detected in the lymphocytes of two affected women, II.6 and III.3 ( Supplementary  Material, Fig. S2 ). About 90% of the X-chromosomes bearing the disease haplotype were inactivated in these two women, although they did not have a milder phenotype (both had RE and OSD). Paradoxical patterns of skewed inactivation have already been observed in women severely affected with the X-linked dominant otopalatodigital disorders (MIM 300017) and displaying mutations in the FLNA gene (28) . Moreover, a reverse pattern of skewed inactivation was obtained (compared with that seen in the lymphocytes) in the fibroblasts of III.3 (fibroblasts were not available for patient II.6), as 80% of her X-chromosomes bearing the wild-type haplotype were inactivated (Supplementary Material, Fig. S2 ). Such a skewed pattern of X-inactivation in fibroblasts was thus consistent with the severe phenotype displayed by patient III.3 and could be similar in brain tissue.
Another disease-causing mutation in the first sushi domain of SRPX2 was identified in a patient with seizures of the rolandic area and BPP and in his female relatives with mild MR only. As described for other genes such as ARX (29), the pleiotropy in the phenotypes associated with SRPX2 mutations may reflect a continuous spectrum of disorders from malformations of cortical development (polymicrogyria) to epilepsy, MR and speech impairment. Whether SRPX2 may participate in more common forms of such disorders seems unlikely, as no mutations were detected in 81 sporadic or familial idiopathic REs (Materials and Methods). This is consistent with the genetic complexity and heterogeneity (30) or even with the weak genetic influence reported for most idiopathic RE (6) and may suggest the absence of a direct link between idiopathic RE and the RS occurring in complex syndromes. Similarly, no further mutations were found in an additional series of patients with BPP (Materials and Methods); this is consistent with both the high level of genetic heterogeneity and the existence of non-genetic forms of BPP (21) .
The involvement of sushi-repeat proteins in human brain disorders had not been demonstrated so far. On the one hand, sushi domains are found in a number of proteins from vertebrates and invertebrates and function as protein-binding modules (12, 31, 32) . Sushi (12) and HYR domains (13) appear to be involved in cell adhesion processes and the hikaru genki protein, which also contains several sushi modules and one Ig-like domain, is secreted at synaptic clefts and is involved in the development of the central nervous system in Drosophila melanogaster (33) . On the other hand, as sushi domains are frequently found in complement binding proteins (12) , SRPX2 may interact with components of the complement system in brain tissue. Interestingly, a role of the complement system in normal brain functioning and in brain pathologies, including the epilepsies, has been proposed (34 -36) .
In contrast with brain imaging data, very little is known at the molecular level on brain areas controlling articulation (37) . In addition to rolandic/sylvian epileptic seizures, difficulties in coordinating and sequencing the oral-motor movements or perisylvian polymicrogyria may be encountered in patients with SRPX2 mutations. This gene may thus play an important role in the functioning and development of the rolandic and perisylvian regions. Mutations within FOXP2 also cause OSD (38) and the FOXP2 human mRNA is expressed in the perisylvian areas; however, the widespread expression of the murine and human FOXP2 (39) makes it difficult to draw any specific conclusion. Interestingly, the lack of detection of Srpx2 expression during murine embryogenesis may suggest a specific role for SRPX2 in human brain development, of the rolandic and sylvian areas particularly. SRPX2 mutations also add to the list of X-linked genetic defects that cause MR. The data reported here thus open new and exciting insights in the pathophysiology and inter-relationship of RE, speech impairment and MR.
MATERIAL AND METHODS

Subjects
Two patients from the French family (Fig. 1) , a 10-year-old girl (III.3) and her half-brother aged 4 (III.4), were referred to the Neurology Department at Strasbourg University Hospital. They both had a history of epileptic seizures with speech impairment. Familial history of epilepsy was detected as several relatives were reported with similar seizures. Medical records were collected from all family members. Interictal and ictal EEG recordings were obtained with diurnal and nocturnal video-EEG monitoring performed with 20 scalp electrodes positioned according to the international 10-20 system. The subjects underwent neuropsychological evaluation consisting of testing handedness, verbal, visual, spatial and mental abilities. Two patients (II.6 and III.4; Supplementary Material, Table S1 ) could not perform all tests because of behavioral issues during the evaluation. Handedness was evaluated using the appropriate questionnaire (40) . IQ was measured by using either the Wechsler Adult Intelligence Scale Revised (WAIS-R) (41) or the Wechsler Intelligence Scale for Children Revised (WISC-R) (42) , or the Wechsler Preschool and Primary Scale of Intelligence Revised (WPPSI-R) (43) tests, depending on the age. Raven's progressive matrices were used to measure nonverbal intelligence in three subjects (II.8, III.6 and III.9). Semantic and phonological fluency as well as word repetition were performed to evaluate lexical processing. Verbal and non-verbal oro-facial motility was assessed using the subtests of the Boston diagnosis of aphasia examination (44) . Neuroimaging data (computed tomography/MRI) were obtained from five affected individuals (II.2, III.1, III.3, III.4 and III.7). Metabolic brain studies with FDG-PET were performed in patient III.3 at age 10 and analyzed using the SPM99 image analysis software (45) .
In addition to this French family, other patients with related disorders were also collected. The phenotypes included sporadic or familial RE (81 unrelated patients), the syndrome of continuous spike and wave during slow sleep (CSWS; nine unrelated patients), typical acquired epileptiform aphasia (Landau-Kleffner syndrome; MIM 245570) or related epilepsy -aphasia syndromes (17 unrelated patients), unilateral (three unrelated patients) or BPP [a first series of 12 unrelated patients, including patient T2472-1, and a second series of 14 unrelated patients, including one patient with LKS and BPP (46) ], speech impairment with or without epilepsy (four unrelated families) and a heterogeneous group of 42 patients with various types of complex, developmental (schizencephaly, lissencephaly, microcephaly, etc.) and/or cognitive disorders. All patients had given informed consent for collection of blood samples and were subjected to careful clinical, EEG and imaging examinations.
Linkage studies on the family with OSD, RE and MR All family members gave informed consent for collection of blood samples, as recommended by the appropriate Ethics Committee. High-molecular-weight genomic DNA was isolated from whole blood using the Nucleon w kit (Amersham Biosciences). Highly polymorphic microsatellite markers were analyzed by PCR amplification of 20 -40 ng of genomic DNA in 10-50 ml reactions with 50 -335 nM of each primer, 1 -3 mM MgCl 2 , 200-250 mM each nucleotide and 0.4 -0.5 U of Taq Polymerase (AmpliTaq Gold TM ). Forward primers were labeled at the 5 0 terminus with a fluorescent dye (Fam-Tet/Ned-Hex or D2-D3-D4, depending on the sequencer). Fluorescent PCR products were analyzed either on a MegaBACE TM 1000 Sequencer (Amersham Biosciences) or on a CEQ-8000 TM Sequencer (Beckman Coulter), using the appropriate softwares. Linkage analyses were performed under the assumption of an autosomal or X-linked dominant mode of inheritance with penetrance at 1.0, frequency of the disease at 0.0001, phenocopy rate at 0 and equal allele frequencies, by the use of MLINK in the LINKAGE computer package (47) .
Mutation screening
The whole coding sequences of the known genes and transcripts analyzed within the region of interest were screened for mutations by direct sequencing of each exon and the surrounding intronic sequences, using DNA from patient III.1 (Supplementary Material, Table S3 ). Both strands of each corresponding PCR product were sequenced with an ABI3700 DNA Analyzer 
Generation of constructs
Full-length wild-type and mutant (N327S) human SRPX2 coding sequences were amplified by RT -PCR from total RNAs of one control individual and of one patient, respectively, using the forward primer 5 0 -AAAAAAAGCTTA TGGCCAGTCAGCTAACTCA and the reverse primer 5 0 -A AAAAGGATCCGGCTCGCATATGTCCCTTTGCT.
The cDNAs were subcloned into pDsRed1-N1 (Clontech) in order to produce fusion proteins with the tag at the C-terminus. The 215A.C mutation (Y72S) was introduced into the wildtype construct using the XL Quickchange mutagenesis kit (Stratagene). All insert sequences and orientations were confirmed by automated sequencing (Beckman-Coulter).
Cell culture and transfection
CHO cells and human fibroblasts were grown in 5% CO 2 at 378C in Ham's F-12 nutrient mixture (Life Technologies) supplemented with 2 mM glutamine, 100 U/ml penicillin, 100 mg/ml streptomycin and 10% fetal calf serum. When cells reached 70 -80% confluence, they were transfected (CHO cells) or harvested with 0.25% trypsin and 0.05% EDTA in 10 mM sodium phosphate, 0.15 M NaCl, pH 7.4, buffer (PBS) and aliquots of dissociated cells were plated on 100 mm diameter Petri dishes. CHO cells were transiently transfected with wild-type (pSRPX2wt-DsRed) or mutant (pSRPX2mut327-DsRed, pSRPX2mut72-DsRed) or nonrecombinant (pDsRed1-N1) vector using the Lipofectamine Plus TM reagent (Life Technologies) according to manufacturer's protocol. For primary cultures of mouse cortical neurons, these were isolated from E15 mouse embryos. Briefly, cortices were dissected in calcium and magnesiumfree HBSS medium supplemented with glucose (Invitrogen), treated with trypsin (0.05%) for 15 0 and dissociated by trituration. Neurons were transfected by electroporation as follows: cells were centrifuged and resuspended in PBS (10 6 /ml). About 5 Â 10 5 cells were then mixed with 8 mg of pSRPX2wt-DsRed, pSRPX2mut327-DsRed, pSRPX2mut72-DsRed or pDsRed1-N1 vector in a 4 mm-electroporation cuvette, and three electroporation pulses (270 V and 5 ms) were applied using a BTX electroporator (BTX, San Diego). After electroporation, cells were immediately resuspended in NB medium supplemented with B27 (Invitrogen) and plated on poly-D-lysine (0.01 mg/ml) coated cover slips.
Pulse-chase procedure
Forty-eight hours after transfection with pSRPX2wt-DsRed or pSRPX2mut327-DsRed, CHO cells were starved 30 min in methionine-free DMEM medium (Life Technologies). Cells were then pulse-labeled with [ 35 S]methionine (20 mCi/ml). Pulse medium was removed after 1 h incubation, followed by two quick washes with PBS, and cells were chased in Ham's F-12 medium supplemented with the required amount of FCS at different time intervals. At the end of the chase period, cell-free medium, referred to as the extracellular fraction, was supplemented with Complete Protease Inhibitors (Roche). Cells of each dish were then carefully washed twice in PBS without CaCl 2 and MgCl 2 , harvested by scraping with a rubber policeman in lysis buffer [10 mM HEPES (pH 7.4), 1.5% (v/v) Triton X-100, 200 mM NaCl, 2 mM CaCl 2 and 2 mM benzamidine], rapidly cooled at 48C and sonicated (4 W) for 15 s. Cell debris was then pelleted by centrifugation (10 000g for 20 min at 48C) and the supernatant, referred to as the intracellular fraction, was supplemented with Complete Protease Inhibitors (Roche).
Immunoprecipitation and PAGE
Computer prediction programs were used to identify a potential antigenic site from aminoacids 443 -456 (FIDDYLLSN-QELTQ) within the SRPX2 protein. The peptide was generated (Millegen, Toulouse) and used to immunize two rabbits. Analysis of the serum from these two hosts by enzyme-linked immunosorbent assay demonstrated that both identified the peptide used for immunization. Antibodies were purified from rabbit crude sera with a protein A-Sepharose column (Amersham) according to manufacturer's protocol. Aliquots (1 ml) of the intracellular and extracellular fractions were incubated overnight at 48C with 30 mg of specific antibodies against human SRPX2. The antigenantibody complexes were incubated for 4 h at 48C under agitation with 10 mg of pre-washed protein A-Sepharose. The antigen -antibody protein A complexes were recovered by centrifugation (10 000g for 15 min at 48C). The final pellet was then washed twice with 25 mM Tris -HCl, pH 7.4, buffer containing 5 mM EDTA and 1% Triton X-100. Nonspecifically bound proteins were removed from the protein A-Sepharose beads by washing twice with the same buffer containing 1 M NaCl and twice with this latter buffer plus 0.1% SDS and then twice with 10 mM Tris -HCl, pH 7.4, buffer containing 5 mM EDTA. The immunoprecipitated SRPX2 protein was dissociated from the protein A-Sepharose by heating at 958C for 5 min in Laemmli's sample buffer. When required, protein N-glycosidase treatment was applied. After centrifugation (10 000g for 5 min at 208C), the supernatant was analyzed by electrophoresis on SDS-containing 7% polyacrylamide gels (SDS-PAGE) according to Laemmli's protocol (48) . After separation by SDS -PAGE, the polyacrylamide gels were stained for 5 min with Coomassie blue R250 and destained overnight in ethanol/acetic acid/water (2/3/35 by volume). The polyacrylamide gels were then dried for 3 h and autoradiographed (BioMax MS films, Eastman-Kodak).
Protein N-glycosidase treatment Immunoprecipitated SRPX2 proteins of the intracellular or extracellular fractions were denatured in 1X glycoprotein denatured buffer (NEB) at 1008C for 10 min, according to manufacturer's protocol. Denatured proteins were then supplemented with 1X G7 buffer, 1% NP-40 and 2 ml PNGase F (NEB) and were incubated at 378C for 1 h. Samples were then supplemented with an equal volume of 2Â Laemmli buffer, heated at 958C for 5 min, centrifuged at 10 000g for 5 min and analyzed by SDS -PAGE, as described earlier.
Identical protocol but with no PNGase F was applied to undigested mutant N327S proteins (Mut2 in Fig. 2 ).
RT -PCRs
Total RNAs from human autopsy brain samples corresponding to the frontal and temporal lobes and to the rolandic area and obtained through the Netherlands Brain Bank (Amsterdam) from two donors were prepared by Trizol extraction, according to manufacturer's protocol (Invitrogen). Total RNAs from other human tissues were obtained commercially (Clontech). Total RNAs from various areas of the adult mouse (C57BL6) brain, from mouse brain at birth and from different embryo stages, were also prepared by Trizol extraction. Reverse transcriptions were performed from total RNA (1 mg) using oligo(dT) primer and the SuperScript II RNase 
In situ hybridization experiments
Human and mouse brain tissues were frozen with liquidnitrogen vapors and stored at 2808C until use. A riboprobe for in situ hybridization experiments was generated from the 5 0 -UTR of the human SRPX2 cDNA by PCR amplification. Primers were IS-F 5 0 -CTGAGTTCCTCTAATCCCTG and IS-R 5 0 -CTTTAACATTCCTAGAACGAGTG. Either of the two primers included a 22 bp T7 tail at the 5 0 end for the generation of sense or antisense probes, thus resulting in a 222 bp PCR fragment. Antisense and sense cRNA probes were produced and labeled with digoxigenin-11-UTP (Roche) by in vitro transcription using T7 RNA polymerase (Promega). This riboprobe was also used to study expression of Srpx2 in mouse tissues, as it displayed strong homology at the nucleotide level (90% along 140 bp) with the corresponding murine fragment of Srpx2 and did not match any other murine cDNA sequence in the databases. In situ hybridization experiments were performed on serial sections (14 mm with a Microm cryostat) as already described (49) . In each experiment, controls included slides hybridized with sense probes and slides without any probes (control for non-specific binding of antibodies). Sections were observed with a microscope (Leica, DMR) and CoolSnap camera.
Immunocyto-and immunohistochemistry experiments
Neurons and CHO cells were transfected as described earlier and fixed with 4% paraformaldehyde for 30 min at room temperature. Non-specific binding was blocked in PBS supplemented with 10% normal goat serum. Following a permeabilization step in a 0.1 M phosphate buffer, pH 7.4, containing 0.5% Triton X-100, cells were incubated with a polyclonal calreticulin antibody (1:100; Stressgen). The secondary antibodies were anti-rabbit antibodies conjugated to Alexa 488 (1:400; Molecular Probes). Cover slips were mounted in Vectashield (Vector). Fibroblasts cultured on cover slips (LabTek I, Dutcher) were fixed with 4% paraformaldehyde for 15 min at room temperature. Following primary antibodies were used: rabbit anti-SRPX2 antibody (1:100), rabbit anti-calreticulin antibody (1:100; Stressgen) and rabbit anti-ubiquitin antibody (1:100; DakoCytomation). Because two rabbit-derived antibodies were used simultaneously, a Zenon rabbit IgG labeling kit was employed (Molecular Probes). SRPX2 antibody was labeled with Zenon Alexa Fluor 594 rabbit IgG labeling reagent and calreticulin or ubiquitin antibodies were labeled with Zenon Alexa Fluor 488 rabbit IgG labeling reagent, according to manufacturer's instructions. Fibroblasts were also counterstained with DAPI (4 0 ,6-diamidino-2-phenylindole).
Immunohistochemistry experiments were performed on serial sections of human adult brain samples prepared as described earlier. The following antibodies were used as primary antibodies: rabbit anti-SRPX2 antibody (1:100) and mouse anti-MAP2 (microtubule-associated protein type 2) antibody (1:100; Sigma). Secondary antibodies were antirabbit biotin-SP-conjugated antibodies (1:200; Jackson Laboratories) used with enzyme-conjugated streptavidin (Vector) and anti-mouse antibodies conjugated to Alexa 488 (1:400; Molecular Probes). In each experiment, non-immune IgG (from rabbit or mouse, obtained from Jackson Laboratories) was used as negative controls (data not shown). Cells were counterstained with DAPI (data not shown). Serial sections of mouse adult brain samples were prepared as described earlier. Mouse (C57BL6) embryos at embryonic days 12.5, 14.5, 16.5, 18.5 and newborns (P0) were sacrificed and total bodies (E12.5 -16.5) or heads (E18.5 and P0) dipped in 4% paraformaldehyde in PBS (pH 7.4). Next, they were cryoprotected overnight with increasing sucrose concentrations (0.5 -20%) in PBS. The bodies or the heads were embedded in Tissue Tek O.C.T. compound (VWR) followed by cryosection at 14 mm. Rabbit anti-SRPX2 antibody (1:100) was used as primary antibody. Secondary antibody was anti-rabbit biotin-SP-conjugated antibody (1:200; Jackson Laboratories) used with enzyme-conjugated streptavidin (Vector).
Images were captured with a fluorescence microscope (Leica, DMR) and CoolSnap camera. Transfected cells were also observed by confocal laser microscopy (Leica TCS SP2 microscope equipped with a ArKr and a HeNe lasers and a 63X planAPOchroma oil immersion objective lens).
